We present Co L3-edge resonant inelastic x-ray scattering (RIXS) of bulk LaCoO3 across the thermally-induced spin-state crossover around 100 K. Owing to a high energy resolution of 25 meV, we observe unambiguously the dispersion of the intermediate-spin (IS) excitations in the low temperature regime. Approaching the intermediate temperature regime, the IS excitations are damped and the bandwidth reduced. The observed behavior can be well described by a model of mobile IS excitons with strong attractive interaction, which we solve using dynamical mean-field theory for hard-core bosons. Our results provide a detailed mechanism of how HS and IS excitations interact to establish the physical properties of cobaltite perovskites.
The physics of ionic insulators at energies below the band gap opened between fully occupied and empty atomic states is often trivial. Under certain conditions, intra-atomic Coulomb interactions may alter this picture by giving rise to low-energy bosonic excitations. This is the case of LaCoO 3 , a structurally simple quasi-cubic material with complex magnetic and transport properties that has been studied since 1950s [1] [2] [3] [4] [5] [6] [7] .
LaCoO 3 , a diamagnetic insulator with a low-spin (LS, S = 0, 1 A 1g ) ground state and a band gap between filled t 6 2g and empty e 0 g subshells, becomes a paramagnetic insulator around 100 K. This behavior is traditionally attributed to thermal population of excited atomic multiplets. The high-spin (HS, S = 2, t 4 2g e 2 g , 5 T 2g ) or intermediate-spin (IS, S = 1, t 5 2g e 1 g , 3 T 1g ) nature of the relevant excited states has been the subject of an ongoing debate [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Both HS and IS scenarios evoke an important question. Decorating the lattice with a regular or random pattern of excited atoms leads to sizeable distribution Co-O bond lengths due to breathing distortion around HS atoms or Jahn-Teller distortion around IS atoms. At experimentally reported concentrations, the excited atoms are expected to form a regular lattice, an effect favored by electron-lattice coupling [20, 21] , as well as by electronic correlations [22] [23] [24] . Nevertheless, no spin-state order or Co-O bond-length disproportionation was observed in LaCoO 3 [25] . This leaves the possibility of dynamically fluctuating spin-state order [26] , for which, however, the picture of thermal atom-bound excitations provides no mechanism.
Recently, Sotnikov and Kuneš [27] proposed a model of LaCoO 3 , in which the IS excitations are viewed as * These two authors contributed equally to this work. RIXS experiments performed at low temperature matched nicely with the generalized spin-wave theory based on first-principles parameters [29] and confirmed the estimate of Ref. 27 . The low-temperature RIXS measurements map out the dynamics of a single IS or HS excitation on the LS lattice (ground state), i.e., a single-boson problem. The strong-coupling nature of the model [27] suggests a sizeable temperature dependence of the excitation spectrum when excited states start being populated.
In this Letter, we report the thermal evolution of the IS dispersion in LaCoO 3 obtained with Co L 3 -RIXS and its theoretical modelling using dynamical mean-field theory for hard-core bosons (HB-DMFT). Our main results are: i) observation of the low-temperature IS dispersion in the 0.2-0.5 eV range in the accessible part of the Brillouin zone with a high energy resolution, ii) observation of 'melting' of the sharp IS dispersion into a narrow band of damped excitations at elevated temperatures, iii) theoretical modelling of the observed behavior by multi-flavor attractive Hubbard model for hard-core bosons.
Experiment. Co L 3 -edge RIXS (2p 3/2 → 3d → 2p 3/2 ) was measured on the beamline ID32 at the European Synchrotron Radiation Facility (ESRF) [30] . The energy resolution ∆E was 25 meV. We recorded RIXS spectra at 20 K, 70 K, 110 K, and 150 K. Note that 20 K (150 K) is well below (above) the spin-state crossover temperature IS excitations [29] . (d) comparison at 20 K between theory (color map), present RIXS data with ∆E=25 meV (white) and previous RIXS data with ∆E=90 meV (gray) in Ref. [29] . (e) A sketch of the excitonic scenario in LaCoO3: the atomiclevel energies together with the dispersion of the IS ( 3 T1g) state on the LS background in the lattice.
80-100 K. The experimental geometry is illustrated in the inset of Fig. 1b . The RIXS measurements were carried out in the b-c scattering plane by rotating the sample around the a-axis. The sample normal is aligned to the c-axis of the (pseudo) cubic crystal with the lattice constant a cub ≈ 3.83Å. In this setup, we can measure RIXS with a momentum transfer of q = (0, 0, q c )/a cub . Hereafter, a cub is omitted for simplicity. The x-ray wavelength at the Co L 3 edge in LaCoO 3 (≈ 15.9Å) determines the accessible |q| value. The experimental geometry is shown in Fig. 1 . The spectra were taken at ϕ = 115 • , 90 • , and 35 • , corresponding to q = (0, 0, 0.52π), (0, 0, 0.68π), and
ISx HSz t2g eg t2g eg | · · · , LS, HS, · · · i | · · · , IS, IS, · · · i FIG. 2. Sketch of the IS-exciton (ISx,y, ellipses correspond to the charge distribution) propagation on the LS background (black circles) and the formation of the immobile HS biexciton (HSz). ISx (ISy) with the dyz ⊗ d y 2 −z 2 (dzx ⊗ d z 2 −x 2 ) orbital character in the IS ( 3 T1g) manifolds can propagate in yz (xz) plane [27, 29, 31] . The HS bi-exciton can be formed/melted by/into the two IS excitons via the local attractive interaction between IS excitons.
(0, 0, 0.92π), respectively. At 20 K, ϕ=103 • , corresponding to q =(0, 0, 0.60π), is also measured. The RIXS spectra were fitted with seven Gaussians and one fluorescence profile. Details of the sample preparation and the data analysis can be found in Supplementary Material (SM) and Ref. [29] .
Our main observations are summarized in Fig. 1 . The RIXS spectra exhibit low-energy features observed in previous studies [28, 29] . At 20 K, we observe a clear dispersion of the peak in the 0.2-0.5 eV range that was assigned to the IS ( 3 T 1g ) excitation [28, 29] . The dispersion is consistent with the theory and experiment of Ref. 29, see Fig. 1d , with substantially reduced error bars in the experimental data, provided by the present high energy resolution. Increasing the temperature above 100 K leads to a distinct narrowing and smearing of the dispersive feature, Figs. 1b and 1c. Other spectroscopic studies [7, 28] indicate an increasing concentration of HS atoms with temperature, while the system remains a spatially uniform insulator. Thus theoretical modelling of the heating effect on the dispersive IS excitations is a challenge that we address next.
Theory. Analysis of the low-temperature RIXS spectra using the generalized spin-wave theory is described in Ref. 29 . It proceeds in following steps. After a density functional calculation, a Hubbard model spanning the Co-d bands is constructed [32] [33] [34] . The next step is the Schrieffer-Wolff projection [35] on the subspace containing the lowest Co 3d 6 multiplets. Keeping only the terms that describe creation/annihilation of an atomic excitation out of the LS ground state, we arrive at a noninteracting bosonic Hamiltonian, which describes dynamics of a single excitation relevant at low temperature.
At elevated temperatures, finite population of the excited multiplets must be taken into account. We start with the bosonic model of Ref. 29 . To make the problem tractable, while keeping the key effect, i.e., the formation and thermal population of HS bi-excitons, we make the following approximations to the bosonic model: i) we neglect the spin structure of the problem, ii) instead of three orbital IS flavors that can form three HS orbital flavors, we work with two IS flavors and single HS flavor, iii) we neglect the spin-orbit coupling, iv) we neglect the nearest-neighbor interaction and keep only the onsite attraction of the IS excitons, v) we adopt the DMFT approximation [36, 37] .
We study the two-flavor attractive Hubbard model
The operatorb † i,γ creates a boson of flavor γ = x, y that can propagate by nearest-neighbor hopping in the yzand xz-plane, respectively. A hard-core constraint per flavor is assumed. The 2D confinement mimics the behavior of 3 T 1g IS excitons in LaCoO 3 , in particular, reproduces the IS bandwidth. Only the local spectral function is relevant in the DMFT treatment of the spatially uniform state, nevertheless, we use the above lattice to compute the k-resolved spectral functions.
We treat Eq. (1) using the bosonic DMFT [37-40] with strong-coupling continuous-time quantum Monte-Carlo (CT-QMC) impurity solver [39, 41] in a parameter range without condensate. The hard-core constraint can be implemented dynamically by introducing a large intra-flavor interaction or explicitly. We have checked on several cases that both approaches lead to the same low-energy physics of interest. Nevertheless, the explicit constraint has computational advantages and is more elegant. While enforcing the constraint in the CT-QMC calculation is straightforward, care must be taken by definition of the self-energy, because the Green's function does not have the canonical 1 iωn high frequency limit, where ω n = 2πn/β is the bosonic Matsubara frequency with the inverse temperature β = 1/k B T . An analogous problem arising in the t − J model for fermions was discussed by Shastry [42] , introducing the concept of extremely correlated Fermi liquid. Perepelitsky and Shastry [43] showed that in the DMFT limit of the infinite dimension the Green's function can be written in the form
where the spectral weight in the numerator depends on the flavor occupationn and thus differs from 1, while the self-energy Σ(iω n ) is local and has the standard Σ(iω n → ∞) ∼ Σ + Σ iωn high-frequency behavior. Note that the numerator in the case of hard-core bosons differs from the fermionic case and can go negative. The Green's function in the present case is diagonal in the bosonic flavor and k = IS +2t (cos(k z ) + cos(k γ )), where E IS =340meV, t=58 5 0 (a) nHS=14% nIS=2% 
where G loc = k G k is the local Green's function, which is the same for both bosonic flavors in our model. The calculations were performed for t = 58 meV (W IS = 468 meV), IS = 340 meV, following the estimation above, see Fig. 1d and SM [44] . We have used several values of the on-site attraction V (the results are summarized in SM [44] ), out of which we picked V = 620 meV. In Fig. 3 we show evolution of the k-resolved spectral function A k (ω) = − 1 π Im G k (ω + ) with increase of density of excitations. Despite its simplicity, the model (1) captures the essential features of the experimental data shown in Figs. 1a-c. The zero temperature ground state is the bosonic vacuum (all atoms in the LS state) and excitation spectrum reduces to that of the non-interacting boson. By construction, this spectrum reproduces the 3 T 1g spectrum of Ref. 29 , except for the minor modifications due to the spin-orbit coupling, which is neglected here. Upon heating, the equilibrium state changes due thermal population of the excited states. These are dominated by HS excitations, i.e., the concentration of doubly occupied sites n HS = n xny , with a non-negligible IS population, i.e., the concentration of singly occupied sites n IS = n x + n y −2n HS , being 5 to 3 times smaller. The increasing concentration of excitations results in band narrowing and decreasing life-time of the IS excitons, broadening of the spectral lines, Figs. 3c and 3d .
Even a model with single b-flavor exhibits some Tdependence of the spectrum, because it is a strongly interacting problem due to the hard-core constraint. However, the thermal population of excited states and the T -dependence of the spectrum in this case is negligible. Formation of HS excitations represented by the attractive term V is thus crucial for the studied physics. As discussed in Refs. 27 and 29, the HS bi-exciton is expected to be almost immobile [45] and thus can be characterized by k-independent excitation energy. For an isolated atom, it reads 0 HS = 2 IS − V . Neglecting the IS population, we can define an effective HS energy at a given temperature HS (T ) corresponding to n HS (T ). Assuming a two level HS/LS system, n HS is given by the Fermi-Dirac distribution, thus
where n HS is the HB-DMFT value. In Fig. 4 we show the T -dependence of HS and compare it to available experimental data. We find that the low-T value of HS is substantially smaller than 0 HS (the value for isolated atom). While the HS bi-exciton is a stable object, it is not localized on a single atom. Quantum fluctuations on the nearest-neighboring bonds of the type |HS, LS |IS, IS lower the energy of the HS bi-exciton. A simple perturbation theory 0 HS − HS ≈ 8t 2 /V , yielding about 40 meV gain, describes the calculated T = 0 data quite well. It should be pointed out that the on-site energies IS and 0 HS are not purely atomic energies, but already contain renormalization due to virtual electron hopping [29, 46] .
Similar to the experimental observations, we find that HS increases with temperature. While the calculated d HS /dT has a realistic order of magnitude, it is smaller than the experimental observations. This point is not unexpected. The HS increase with n HS is caused by interatomic HS-HS repulsion. While the model of Ref. 29 contains a nearest-neighboring HS-HS repulsion in the 100-200 meV range, this is neglected in our simplified model (1) . The effective repulsion in the present calculation arises from blocking the above quantum fluctuations with increasing HS and represents only one contribution to the HS-HS repulsion in real material. While interatomic interaction, realistic number of flavors (3 IS and 3 HS) as well as the inclusion of the explicit spin structure are important to describe the relative stability of different phases, e.g., uniform vs spin-state ordered, we expect only quantitative changes (stronger T -dependence) to the present spectra when including these aspects. Finally, we would like to comment on recent inelastic neutron measurements [47] reporting unusual delocalized magnetic form factor in LaCoO 3 at intermediate temperatures. The present picture of HS excitation as bi-exciton dressed with |HS, LS |IS, IS on nearest-neighboring bonds fits very well with this observation.
In summary, by measuring Co L 3 RIXS spectra of LaCoO 3 with state of the art energy resolution, we have demonstrated a sizeable mobility of 3 T 1g IS excitations. Melting of the corresponding dispersion into a narrow band of damped excitations, observed between 70 and 150 K, points to a strongly interacting nature of the IS excitations. The experimental data are well described by modelling the low-energy state of LaCoO 3 as a gas of mobile IS excitons and immobile HS bi-excitons, in contrast to the paradigm of atom-bound (immobile) IS or HS excitations. Our numerical results show that even at low temperatures, where the IS concentration is negligible, the virtual fluctuations |HS, LS |IS, IS on the nearest-neighbor bonds have an important impact of the low-energy physics and the IS excitations cannot be neglected. The classic cobaltite question whether the lowenergy physics is determined by HS or IS excitations is therefore ill posed.
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